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1. Intreduction

The Noise Calibration Systern Model 1 (NCS1),
recently built at the National Institute of Standards
and Technology, was designed to fill, in the field of
thermal noise calibrations, the two overriding needs
of calibration laboratories: the highest quality mea-
suring capabilities and a price that is not pro-
hibitive. Currently available commercial systems are
not sufficiently sensitive to deliver the adequate ac-
curacy, while the calibration radiometer systems de-
veloped previously at NIST may be too expensive to
be duplicated by smaller laboratories.

The NCS1 is broadband, accurate, precise, and
relatively inexpensive. Its sensitivity is adequate for
its intended purpose of calibrating typical hot and
cold laboratory and field noise sources (1.9 K with
a 8400 K source, 0.09 K with a nominal 77 K cold
load). Access to a vector network analyzer is re-
quired for reflection coefficient measurements.

The NCS1 can be easily modified to cover wider
frequency and dynamic ranges, to accept noise
sources with different connectors (or waveguide
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flanges) than the present Type N configuration, and
to have a different null indicator.

2. Brief Description

The NCS1 consists of two noise standards and a
null-balanced, total-power radiometer. In this im-
plementation, one of the two standards is the NIST
primary coaxial standard at the cryogenic tempera-
ture of liquid nitrogen; however, a calibrated com-
mercial noise source may be substituted without
significantly affecting performance [1]. The other
standard is a commercial lossy termination held at
ambient temperature.

The NCS1 is equipped with three switch-
selectable input ports to accommodate the two
standards and an unknown neise source, the device
under test (DUT). Switching is controlled from a
system control panel by the operator. Since differ-
ent paths through the switch result in slightly differ-
ent losses, the switch asymmetry is evaluated (by a
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separate vector network analyzer), and used to cal-
culate a correction factor {the “asymmetry correc-
tion™).

A vector network analyzer is also used to evalu-
ate reflection coefficients of the three NCS1 input
ports, the nonambient standard, and the DUT. The
results are used to calculate the second of the two
correction factors (the “mismatch correction™).

The measured values of the NCS1 input ports
and the nonambient standard reflection coeffi-
cients are stored in look-up tables used by the
NCS] software and need to be only periodically re-
evaluated.

The radiometer uses heterodyning to economi-
cally cover a broad frequency range, to facilitate
frequency selectivity, and to allow for elective fu-
ture expansion, Since RF sections of the radiome-
ter require bandlimiting to an octave each (Sec.
3.3), there are four front ends corresponding to the
four octaves covered (1-2 GHz, 24 GHz, 4-8
GHz, and 8-12 GHz). Selection of the appropriate
front end is achieved from the system control
panel.

A double-balanced mixer downconverts the RF
noise to the 30 MHz IF frequency. Both sidebands
are used; each has a bandwidth of about 4 MHz.
Most of the systern gain is achieved in the IF sec-
tion. A precision wavegnide-below-cutoff (WBCQO)
altenuator attenuates the different noise powers
generated by the two standards and the DUT to
the same power, thereby achieving a balanced
operation mode.

An unbiased square-law diode serves as a detec-
tor. Nulling and resolution control are imple-
mented at the post-detection stage. A strip-chart
recorder functions as a low-cost null indicator.

Excluding the NIST primary coaxial standard,
the NCS1 is constructed of commercially available
components and housed in an ordinary equipment
rack (Fig. 1). In order to minimize drifting due to
ambicnt temperature variations, the radiometer
and the ambient temperature standard are con-
tained in a temperature-controlled enclosure. The
temperature conirol is achieved by a small com-
mercial water circulator housed in the same rack.
All components are fastened 10 and are in good
thermal contact with a brass plate, which is held at
a uniform temperature by circulating water. Heat-
generating components {amplifiers and mixers)
have been positioned downstream from passive
components. Off-line computer support is written
in BASIC.
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Fig. .. Noise calibration system 1.

3. Noise Calibration System Model 1

A block diagram of the Noise Calibration System
Model 1 is shown in Fig. 2. In the following sec-
tions, the two standards are briefly overviewed, and
the radiometer is described in more detail.
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Fig. 2. NCS51 block diagram.

3.1 Cryogenic Temperature Standard

The NIST primary coaxial cryogenic noise stan-
dard is described in [2]. Briefly, it consists of a lossy
termination with its connecting network (a beaded
air-line, an adaptor, and the connector), a water
jacket surrounding the output section, and a Dewar
holding the liquid nitrogen at atmospheric pres-
sure. All components are housed in an electrically
conductive enclosure,

The temperature of the termination is uniform
and held constant at the temperature of the liguid
nitrogen, which is corrected for the small variations
in the static pressure due to the head loss to evapo-
ration, and the barometric pressure. The water cir-
culating within a water jacket locks the temper-
ature of the output section of the connecting net-
work (the adaptor and the connector) to the ambi-
ent temperature. The temperature gradient along
the length of the coaxial air-line is assumed to be
linear with distance between the cryogenic termi-
nation and the room temperature connector.

The noise temperature at the output of the pri-
mary cryogenic standard, 7., has therefore three
calculable components: the major contribution of
the lossy termination at the cryogenic temperature,
and the minor contributions from the temperature
transitional region (the low-loss coaxial air-line),
and from the ambient temperature region (the low-
loss adapter and connector). The expression used

to calculate the output temperature [2] is incorpo-
rated into the NCS1 software.

3.2 Ambient Temperature Standard

The ambient temperature standard is a lossy ter-
mination whose temperature is held constant by
circulating water. Its temperature is measured by a
calibrated thermometer. Since every component of
this standard is at the same (ambient) temperature,
the losses in the connecting network are irrelevant.
The output noise temperature of the ambient stan-
dard is simply its thermodynamic temperature 7T,.

33 NCSI Radiometer

The principle of the NCS1 is illustrated by the
simplified block diagram in Fig. 3. The simplified
radiometer consists of only four components: an
isolator, a RF amplifier, a WBCQC attenuator, and
a receiver containing a square law detector. The
input switch is omitted, and the noise sources at-
tach directly to the single input port.

The radiometer input signal is the broadband
noise generated by the three noise sources: the two
nois¢ standards and the DUT, Each of the three
sources is sequentially attached to the radiometer
input port, and the noise power is adjusted by the
attenvator so that the receiver balances in all three
cases.

Wico CREIVE |
ATTENUATOR RECEICES

Fig. 3. Simplified system block diagram.
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Following [3] and [4], the available noise tem-
perature 7, of the DUT can be calculated by com-
paring it to the available noise temperatures T, and
T. of the two standards, according to

10~ A -AX19 _

M,
T,=T.-i-‘h’-7x (T; .) W B

(1)

where M,/M, is the mismatch correction at the in-
put reference plane, and A,, A,, and 4, are the
attenuator settings (in dB) needed for balance.
Three features help convert the idealized ra-
diometer above into a workable instrument:

* In order to protect the connectors and facilitate
the operation, an electrically operated single-
pole, triple-throw coaxial switch, the input
switch, is placed at the system input, effectively
creating three separate, dedicated system input
ports, The nonambient and ambient tempera-
ture standards and the DUT are then sequen-
tially switched into the radiometer.

There are two consequences of that arrange-
ment: the different paths through the input
switch result in different losses and require an
asymmeiry correction, and the finite isolation
between the paths cause leakage, which, how-
ever, becomes negligible with a proper switch
selection.

* In order to economically broaden the frequency
coverage, heterodyning is employed. Since the
input signal is wideband, it must be bandlimited
ahead of the mixer, to avoid intermixing the out-
of-band signals. The use of a double-balanced
mixer, which suppresses second-order intermix-
ing products, allows the RF sections preceding it
to be a full octave wide. The bandlimiting is
achieved by means of the RF amplifiers preced-
ing the mixer, since passive filters resonate in
their “far out-of-band” region and, therefore,
fail to effectively achieve the bandlimiting goal.
The same bandlimiting also ¢liminates problems
of the noise signal mixing with harmonically re-
lated and out-of-band spurious signals originat-
ing in the local oscillator. The input noise signal
is downconveried to 30 MHz, the value dictated
by the commercial WBCQO attenuator. Both
sidebands are used, so the measured noise sig-
nal power is the mean of the powers contained
in the two symmetrical bands, 60 MHz apart
and filtered to be 4 MHz wide, centered around
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the LO frequency. The spectrum of the noise
sources is assumed to be essentially flat within
the resulting 64 MHz averaging interval.

The fact that the noise is measured at LOxIF
and not precisely at the LO frequency, com-
bined with the non-pegligible electrical length of
the input section in front of the isolator, results
in a broadband mismatch error [1}, [5).

+ In order to implement a fully null-balanced sys-
tem, the post- detection stage of the receiver in-
cludes DC nulling circuitry built around an
operational amplifier. A stripchart recorder
serves as a null indicator.

Figure 4 shows a schematic diagram of the im-
plemented radiometer.

The radiometer front ends are configured with
the help of four switches, mounted on the control
panel and labeled by the octaves they form, “1-2,”
“2-4," “4-8,” and “8-12." The four switches con-
trol electrically operated internal switches, which
are transparent to the user. There are two mixers
in the radiometer, because no mixer covering the
full 1 GHz to 12 GHz band was available. The
resistive pads in front ends help equalize the signal
at the mixer inpwt (since RF amplifiers have all
different gains). Numerous 3 dB and 6 dB pads
inserted in the IF system improve amplifier stabil-
ity by controling the internal reflections.

The total IF gain of the system is partitioned be-
tween the pre-attenpuator and post-attenuvator sec-
tions. Although any amplifier saturation in the
post-attenuator section is inconsequential (so one
is tempted to put all the amplifiers there), a certain
amount of gain must precede the attenuator for
two reasons: to make the noise contribution of the
attenuator negligible in comparison with a much
stronger (amplified) signal at the attenuator input,
and to reduce the attenuator vulnerability to the
electromagnetic interference,

3.31 The available noise temperature 7; of the
DUT is calculated from the system equation [3]

- M, nsw, (i |
T,—T.+E-—_—: {di—T) Py e 2)

where, as before, T, and T, are the available noise
temperatures of the two standards, M,/M, is the
mismatch correction at the input reference plane,
and A,, 4, and A, are the attenuator settings
needed for balance. Furthermore, nsw,/Mmsw, is the
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Fig. 4. Schematic diagram of NCSL.

input path asymmetry correction, a consequence of
slightly different efficiencies of the two sides of the
input switch. Both the mismatch correction and the
asymmetry correction are evalvated using a vector
network analyzer.

The analysis of uncertainty is presented in detail
in [1]. Briefly, there are eight significant standard
uncertainty components arising from systematic
effects: two pertain to the standards and the rest to
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the radiometer and the DUT. The contribution of
the random effects is small. The combined stan-
dard uncertainty is calculated by a root sum of
squares (RSS) method. The expanded uncertainty
is calculated by multiplying the combined standard
uncertainty by the coverage factor of 2, For a typi-
cal DUT with a noise temperature of 8400 K and a
reflection coefficient of 0.1, the expanded uncer-
tainty is approximately 150 K.
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332 System Sensitivity The sensitivity (the
minimum detectable signal) of a radiometer with
negligible short-term gain fluctuations is defined
[6,7] as the minimum input signal noise tempera-
ture difference required to produce an output sig-
nal noise temperature having a signal-to-noise ratio
of 1. Tt is given by

=Tin+T:RD
VB-T

where T, is the available noise temperature of the
noise source attached to the radiometer input, Terp
is the effective input noise temperature of the ra-
diometer, B is the limiting pre-detection system
bandwidth, and r is the integration time of the
post-detection circuitry.

The effective input noise temperature of the ra-
diometer has been experimentally shown to vary
between 300 K and 800 K and is higher in the
higher frequency bands. The limiting pre-detection
system bandwidth B is set to 4 MHz by an 8-pole
band-pass filter preceding the WBCO attenuator.
The integration time of the post-detection circuitry
7 is about 5 s. (The limiting post-detection fre-
quency response, that of the strip-chart recorder, is
=15 Hz, but the trace is visually integrated by the
operator over 5 s or s0.)

A typical system sensitivity, expressed in kelvins,
for a DUT with noise temperature of 8400 K mea-
sured at 2 GHz, with T.xp of =350 K, is 1.9 K,
Under the same conditions, the system sensitivity
for a cold load of (nominally) 77 K is 0.09 K.

3.3.3. Dynamic Range The dynamic range of
the NCS1 is primarily determined by the WBCO
attenuator. Based on the calibration data, the at-
tenuator transfer function does not significantly de-
part from linearity between 20 dB and the highest
calibrated value of 75 dB, for a dynamic range of at
least 55 dB. However, the NCS1 dynamic range
may be limited by active elements preceding the
attenuator if driven into saturation, or the leakage
of the signal. The verified dynamic range for the
implemented radiometer is 15 dB. Additional tests
would be needed to determine its full dynamic
range.

334 Operation External equipment needed:
A microwave generator having a stable, unmodu-
lated output signal at +10 dBm is required to
serve as a local oscillator. Liquid nitrogen and a
barometer are needed for the operation of the
NIST primary cryogenic standard. Access to a
vector network analyzer is also necessary 10 evalu-
ate the mismatches and asymmetries at the NCS1
input.

AT min 3
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Front end characterization: Once measured,
data on the reflection coefficients and the input
switch efficiencies are stored in appropriate com-
puter files and require only periodic checking. The
frequency of the periodic checks depends on the
calibration load, the previous wear of the input
switch, and the extent of mechanical disturbances
and ambient temperature variations incurred by
the system since the previous check. A change in
the real and imaginary parts of the reflection coef-
ficients of the radiometer of ~0.007 and a change
in efficiencies of 0.1% require a new front end
characterization. The software data update proce-
dure is menu-driven.

Preparations for noise measurement: The reflec-
tion coefficient of the DUT must be measured be.
fore each calibration at all frequencies of interest,
The NCS1 hardware, including the water circula-
tor, should be turned on several hours ahead of the
measurements in order for the system to reach
thermal equilibrium. If the cryogenic standard is
the nonambient standard, it must be filled with lig-
uid nitrogen to the appropriate (marked) level. To
prevent a possible damage due to freezing, water
surrounding its output section must circulate at all
times the standard is filled with liquid nitrogen.
Manufacturer instructions guide a warm-up period
for a DUT and a commercial nonambient standard,
if such is used. After selecting the front end corre-
sponding to the measurement frequency, the noise
source with the lowest noise temperature (the cryo-
genic standard, if used with a hot DUT; the ambi-
ent standard if the secondary hot standard is
substituted for the cryogenic standard) is switched
into the input port and the WBCO attenuator ad-
justed to center the strip-chart trace. The input to
the strip-chart recorder is momentarily grounded;
no deflection of the center line verifies a true zero
input signal.

Because of linearity, the lowest attenuator set-
ting must not be below 20 dB.

The system resolution is checked as follows: the
DUT is switched into the radiometer, and the trace
brought back to the center by the appropriate at-
tenuator adjustment. A stable baseline is estab-
lished. The attenuator setting is changed by a small
amount AA, typically 0.01 dB, causing the trace to
deflect by a small amount Ad. The resolution can
be adjusted by varying the gain of the post-detec-
tion operational amplifier (using a small decade
counter on the front panel labeled “GAIN").

Measurement procedure: A full noise calibration
consists of at least five measurement sets. Each set
involves switching the nonambient standard, the
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ambient standard, and the DUT into the system
input, and adjusting the WBCO attenuator to
maintain the trace on the strip char centered. The
software prompts the operator to input the attenu-
ator dial setting. The resulting DUT noise temper-
ature and associated statistical data are displayed
on the monitor, aillowing the operator lo increase
the number of measurements in a set if the stan-
dard deviation is unsatisfactorily large (greater
than 25 K or so for a 9000 K device).

The system stability and general performance
are checked by comparing the nonambient stan-
dard traces of each consecutive measurement set.
A deflection from the previous position on the
strip-chart indicates excessive drift (and should
prompt a water circulator check}, or some malfunc-
tion. The operator can direct the software to disre-
gard the previous measurement set or to keep the
set and increase the number of measurements.

The computer printout consists of a single sheet,
showing the input data, the calculated noise tem-
perature of the DUT, and the combined standard
uncertainty and its components, as well as the
expanded uncertainty (Table 1).

4, Discussion

The NCS1 has been designed to be an inexpen-
sive system compatible with requirements of labo-
ratories needing the highest achievable accuracy in
thermal noise calibrations in the microwave part of
the spectrum.

The radiometer is a total-power radiometer, as
opposed to a switching (Dicke) radiometer [8,9].
The driving force behind the switching concept is
drift. In the laboratory environment, because of the
availability of inexpensive water cooling, the
NCSi’s sensitivity {=3 K), and the short time
necessary to complete a measurement (minutes},
drift is not a problem.

Similar to the switching, but unlike the other 1o~
tal-power radiometers at NIST [4], the NCS1 ra-
diometer is a null-balanced instrument. Balancing
is achieved in the TF section by a WBCO attenua-
tor. Nulling occurs in the dec section by the opera-
tional amplifier circuit (Fig. 4).

Balancing allows the circuitry following the bal-
ancing device to be nonlinear, a major advantage.
Tight linearity requirements are imposed on a bal-
ancing device, though. Based on a theoretical anal-
ysis and confirmed by calibration [10), the precision
WBCOQO attenvator used in the system has a
remarkably linear functional relationship berween
the coil separation and output power in a range of
at least 55 dB.
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The advantage of nulling is not only that the
circuitry following the nulling device need not be
linear, but also that its frequency response and
thermal loading are immaterial [11]. Nulling
speeds up the operations, since the strip-chart
recorder that follows the nulling circuit in the
NCS1 does not require settling time.

The commercial precision WBCO attenuator
used in NCS1 is tuned to 30 MHz. The tuning
circuit does not, however, provide sufficiently nar-
row and constant IF bandwidth, so a separate
bandpass filter is required. This 4 MHz filter is the
band-limiting element in the NCS1.

In practical terms, the commercial availability of
a 30 MHz WBCO attenuator determines the IF
frequency of the system. Since the uncertainty aris-
ing from the broadband mismatch increases rapidly
with increasing IF frequency [1}, a WBCO attenua-
tor with a lower cutoff frequency is preferable.

A 30 MHz IF frequency also limits the expansion
of the NCS1 frequency coverage of bands below
approximately 250 MHz, since the frequency selec-
tivity of the measurements would be compromised
by the relatively wide 65 MHz averaging interval.

To expand the coverage to frequency bands
above 12 GHz, a (secondary) noise standard must
replace the NIST coaxial cryogenic standard, which
cannot be used above that limit. New RF sections,
each no more than an octave wide, would have to
be inteprated into the system. Frequency-sensitive
uncertainties would increase, but there are no the-
oretical reasons limiting the upward frequency
expansion. An alternative coaxial connector or a
waveguide flange may be installed 1o replace the
present precision Type N female connector. If the
input switch is equipped with additional poles with
appropriate connectors, the NCS1 can provide a
calibration service in multiple connectors. Each
path would need to have its efficiency determined.
Care would have to be taken regarding the me-
chanical and thermal requirements of the input
section; because of the broadband mismatch uncer-
tainty the input section of the radiometer must be
short, and at the ambient temperature.

The radiometer sensitivity could easily be im-
proved by replacing the present RF amplifiers
{noise figure 2.5 dB—4.5 dB, depending on the
band), with low-noise amplifiers.

Because of nulling, the requirements on the out-
pul device of the NCS1 are low: stability over
several minutes required for a measurement, and
sufficient sensitivity and resolution. The strip-chart
recorder can be replaced by a voltmeter or an A/D
converter for on-line processing.
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Table 1. A calibration rcport

Bevice: 12345
Test Humber: 90346
Frecquency: 3.0 GHz
Operator: RLB
Measurement Date: 04-30-19%0
Time: 12:05:19
Comments: nonambient standard = NIST primary cryvogenic ceaxial standard
g The Comb,8td. Expand i ; L Expand.
Uncert. TIncerk. EMNE ENR Uncert.
K K K K dB de dr
8368 8353 +60 +120 14.45 14.44 =.08
Sources of Uncertainty: u_
tlon-ambient Standard n.82 %
Ambient Standard 0.10 %
Cornmnector 0.07 %
Mismatch Factor 0.01 %
Switch Asymmetry 0.13 %
Isolator .04 %
Broadband Mismatch 0.10 %
Attenuator 0.06 %
Random Effects 0.01 %
Combinad Standard Uncertainty 0.72 %
EXPANDED UNCERTAINTY (k=2) 1.44 %
Input (Measurement) Data
Mas: 0.53¢ Tyl 297.4 K
M, : 0.995 T.: B84.0 K
Tp,,: (+0.055}+i(-0.009} Tep ® 284 K
Egwe {(+0,056)+1(-0._.008] Bprss:625.0 mmHg
j AR (+0.010)+i{+0.054}
j B {(-0.001}+1(+0.043)

Agyrim:0.9981

Attenuatror settings (4B}

Nonambient Ambient DUT
Standard Standard
21.500 23.480 35.202
21.500 23,479 35,202
21.500 23.481 35.201
21.500 23.480 35.19%
21.500 23.478 35.200

2
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